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Abstract 

We study a model of accidental inflation in type IIB string theory where inflation 
occurs near the inflection point of a small Kahler modulus. A racetrack structure 
helps to alleviate the known concern that string-loop corrections may spoil Kahler 
Moduli Inflation unless having a significant suppression via the string coupling or 
a special brane setup. Also, the hierarchy of gauge group ranks required for the 
separation between moduli stabilization and inflationary dynamics is relaxed. The 
relaxation becomes more significant when we use the recently proposed D-term gen¬ 
erated racetrack model. 
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1 Introduction 


Recent observations in cosmology strongly support the mechanism of inflation Si- During 
the inflationary epoch, there is an approximately exponential growth of the scale factor, and 
the quantum fluctuations of the early universe seed the temperature fluctuations in the cosmic 
microwave background we observe today. The Planck collaboration measured the value of the 
spectral index of primordial curvature perturbations precisely, suggesting the behavior of weakly 
broken scale invariance which is typical in models of inflation [^|^. The next experimental goal 
is to measure the tensor amplitude which is related to the scale of inflation and the displacement 
of the inflaton in field space. There have been many attempts to measure the tensor-to-scalar 
ratio, and the upper bound from the combined data is currently given by ro .002 < 0.11 [ 2 ]-^. 
There is much hope that this upper bound will be improved and we will detect a signal for 
tensor modes soon as signihcant efforts in the observational front in the near future are being 
spent towards the detection of primordial B-mode signals (see e.g. and [^). 


Inflation is a high-energy phenomena. The energy density during inflation is related to the 
tensor to scalar ratio by ~ (P(0.01)r^/^Mp when the COBE normalization is applied. Even 
for small values of r, the energy scale is not very far away from Planck scale. Furthermore, 
the slow-roll conditions make inflation ultra-violet sensitive. This makes it essential to embed 
inflationary models in an ultra violet complete theory. String theory is the leading candidate for 
providing us with a theory of quantum gravity. It provides the arena necessary for consistent 
inflationary model building. There have been a large amount of works on inflation in string 
theory (see reviews OH)- A particularly attractive setting are IIB flux compactiflcations [lOpT 
where moduli stabilization is well developed. 


In this paper, we develop a model of inflection point inflation proposed in 


12,13 with a 
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Kahler modulus in a IIB flux compactiflcation playing the role of the inflaton. Inflation should 
begin in a small region around the flat enough inflection point by some accident, and hence 
is sometimes called accidental inflation [^. Accidental inflation has been studied in several 
contexts in string theory. Since string compactiflcations give rise to complicated potentials, one 
can expect that an appropriate inflection point which leads to prolonged inflation (avoiding the 
T] problem of [^) exists in the vast moduli space. Familiar examples include D-brane inflation 
which regards the inflaton field as the location of a mobile D-brane in a warped throat 15 -20 . In 


the warped D-brane inflation, the compactiflcation and moduli stabilization generate significant 


contributions to the inflaton potential [^-23 , and hence we may have an appropriate inflection 
point where the slow-roll conditions are met 24 -^ (see also (^). There are, on the other hand. 


some attempts realizing accidental inflation by an F-term potential in type IIB, in which inflation 
ends at the KKLT-based de-Sitter minimum {dS) and at the Kahler Uplift dS (see 
also l^). String-loop corrections have been used to realize an inflection point potential along the 


overall volume direction 32 . In this paper, we will use two types of racetrack models to realize 
accidental inflation: the ordinary racetrack with multiple non-perturbative effects for a single 


modulus in the superpotential and the recently proposed D-term generated racetrack model 33 


both of which are based on the Large Volume Scenario (LVS) for moduli stabilization 34 


The simplest model of inflation in the LVS involving a Kahler modulus is Kahler Moduli 
Inflation 35 . In this model, the inflation direction is the real part of a Kahler modulus which 
rolls down towards the LVS minimum. One of the advantages of this model is that we know 
how inflation ends so that the resultant reheating mechanism may be understood easily once the 
matter sector is given. However, in this model there is the concern that string-loop corrections 
to supergravity may spoil the inflationary dynamics (see e.g. 36,^). The leading order string- 


loop correction can be analyzed explicitly when D7-branes wrap the inflationary cycle. Similar 
effects can also be potentially generated by euclidean D3-branes |^. The basic reason for the 
problem is the following. Inflation occurs at a large value of the Kahler modulus to realize 
a sufficiently flat potential. Since the term depending on the inflaton field is exponentially 
suppressed, string-loop corrections that are suppressed by a power law function of the inflaton, 
can dominate over the inflationary potential and spoil its flatness. To get a successful model, 
one has to embed the model in a compactiflcation in which the loop corrections are tuned small 


by a small string coupling value or absent by a special brane setup 36,37 


Although the string-loop corrections may also be present, the concern of spoiling the flatness 
of the inflationary potential is alleviated in our accidental inflation model. The accidental 
point is located near the minimum, suitable for prolonged inflation, given an appropriate set of 
coefficients in the racetrack model. Around the accidental point, the racetrack terms are tuned 
such that the slow-roll conditions are satisfied by a cancellation between these terms. Owing to 
this cancellation, the resultant exponential suppression and hence overall size of each racetrack 
term becomes modest. Once there appears a contribution of string-loop corrections, it can be 
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made easily the same order or less than each of the racetrack term with a reasonable valne of the 
string conpling. The corrections can easily be absorbed by a slight shift of some coefficients of 
the racetrack potential, while this is difficnlt in the original Kahler Modnli Inflation model nnless 
having a signihcant snppression via the string conpling or a special brane setnp prohibiting the 
corrections themselves. The coefficients of the racetrack terms depend on the complex strnctnre 
modnli, which in tnrn are determined by flnx qnanta. Therefore the slight shift of coefficients, 
corresponding to slightly different flnx qnanta, wonld be conceivable in a landscape of flnx 
compactihcations. 

Fnrthermore, the hierarchy of gange gronp ranks N in non-pertnrbative terms (ainf/^stab = 
^stab/^inf), that is reqnired between the stabilization and inflation potentials in Kahler Modnli 
Inflation (oinf/astab (9(10)) [^, is relaxed in the racetrack models to be ainf/ostab (9(1). 
Notably, the effect of this relaxation of hierarchy is more signihcant in the case of the D-term 
generated racetrack model. It is clear that the ratio of the gange gronp ranks ainf/ostab (9(1) 
is more easily realized generically in string compactihcations and introdnces less helds in the 
ehective held theory as smaller gange gronp ranks N are snfficient. 

This paper is organized as follows. In Section we illnstrate the featnres of the Accidental 
Kahler Modnli Inhation in the D-term generated racetrack model, starting with the review of 
original Kahler Modnli Inhation. In Section the snperpotential racetrack model is analyzed 
and compared with the resnlts of the D-term generated racetrack model. We relegate some of 
the technical details to Appendix 


2 Accidental Kahler Moduli Inflation 

In this section, we will present onr model of accidental inhation with a Kahler modnlus as the 
inhaton. The potential will have a racetrack strnctnre generated by a D-term constraint, which 
was proposed in j^, and will give rise to an accidental inhection point appearing near the 
nplifted LVS minimnm. This scenario relaxes the concern of Kahler Modnli Inhation that the 
string-loop corrections to the potential spoil the hatness of the F-term inhation potential. We 
hrst start with a review of the D-term generated racetrack model and Kahler Modnli Inhation. 
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2.1 D-term generated racetrack 


We start from a model in type IIB string theory with several Kahler moduli, dehned by 
K = -2\n(v+^y V = (Ti + fi)3/2 - 

5 

i=2 


( 2 . 1 ) 


and the F-term scalar potential Vp = — 3|hFp). For simplicity, we have omitted the 

coefficients in the volume, given by the triple intersections of the Calabi-Yau manifold X 3 , which 
do not affect our result crucially. The parameter ^ oc —XQs is the leading a'-correction 
with the Euler number y of X 3 . As we are interested in the parameter region of the LVS 
any non-perturbative term generated on Ti is negligibly small. The Kahler moduli helds are 
complex holomorphic helds, which we write as Tj = tj + idi conventionally. 



Recently, in the context of uplifting LVS vacua to de Sitter, a new type of racetrack structure 
was proposed by using a D-term constraint 33 . When we have magnetized D7-branes wrapping 


the divisor Dp m. the Calabi-Yau, the D-term potential is given by 39 

2 

1 \ 

Vd = 


Re(/ 


D 


CDjKjipj - j , 


( 2 . 2 ) 


with the Fayet-Illiopoulos (FI) term and the gauge kinetic function: 




'^3 


Dd a J a J^d — 


Re(/D) = )/ 

^ JDn ^9s JL 


(2.3) 


— Xd A JR, 

^9s J Do 


where J = tiDi is the Kahler form on X 3 and qp- = fpKpjk is the anomalous U{1) charge of the 
modulus Tj induced by the magnetic hux JR = fpDk on Dp. Kpjk are the triple intersection 
numbers of X 3 . ipj are matter helds charged under the diagonal U{1) of a stack of D7-branes 
with charges cpj. 


Given a choice of divisors Di and magnetized huxes Dp ^, we may have the D-term potentials 

where we have assumed that the matter helds are stabilized at either (pj = 0 or ^ cpjKj(l)j = 0 
for simplicity. Since we are interested in the LVS F-term potential where the leading terms 
appear at (9(V“^), we enforce a D-term constraint of the form VR 4 = VR 5 = 0. Since these 
appear at 0(V~‘^) this means that integrating out the heavy helds corresponds to a constraint 


Ts — '^3 — '^4 — 


(2.5) 
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Note that the imaginary parts of the moduli helds associated with the D-term potentials are 
eaten by massive U{1) gauge bosons with a mass of the string scale through the Stiickelberg 
mechanism, owing to the topological coupling of the two-cycle supporting the magnetic flux. 

In order to write down the effective potential, we remove the redundancy of the parameters 
for the dynamics. We redehne 


O 3 ^5 3/2 

Q = —, a = —, d = —, 7 = —, = ^2 C, 

fVo ®2 


and also 


K ^ ^ ^ 7 ^ - 7^^ - , Xi ^ a-iTi, yi = 02^,. 


( 2 . 6 ) 


(2.7) 


Then the F-term scalar potential in the LVS region after imposing the D-term constraint (2.5) 
becomes 


Dp 


3e. 


-^2 


WS4 4V| ■ V| 

4:e~°‘^‘’acsXs 


CoXo 2y/2e 

H--cos 1/2 H- 


4e 


— 2X2 




3V. 


H--cos(q;//^) H-—-cos(/f|/s) H-—-cos(7|/^ 




VI 


VI 


( 2 . 8 ) 




3V. 


+ 


3V. 


+ 


3V. 


Note that Q\ is stabilized by a non-perturbative effect on Ti, which is sub-dominant via an expo¬ 
nential suppression in the overall volume and hence omitted. The D-term generated racetrack 
potential was originally introduced to uplift the LVS minima to stable dS vacua in [^. Here, 
however, we like to use the racetrack structure for realization of inflation instead, and so we 
introduce an uplift term independently by 


V = Dp + K 


up? 


Up = (WSaf) 


v7' 


(2.9) 


The choice of power is motivated by the anti-brane uplifting 15,40,41 . Note that since inflation 


will occur mostly along the Xg direction, the power of the uplift does not make any major differ¬ 
ence in the following analysis. Therefore, we just simply use the above uplift term throughout 
this paper. 


2.2 Review of Kahler Moduli Inflation 


Kahler Moduli Inflation 35 can be considered to be a prototypical model for inflating with 


a Kahler modulus. Since the Kahler Moduli Inflation can be realized just by the single non- 


perturbative term for the Xg direction, we set C 3 = C 4 = 0 in (2.9). In the parameter regime 


that realizes the LVS, the volume and X 2 are approximately stabilized while Xg rolls down 
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the inflationary potential to a Minkowski {dS) minimnm. If we neglect the Xg dependence at 
the moment (or correspondingly C 5 = 0 ), nsing a set of parameters: 


= 70, C2 = -1, 4 ~ 3.234 X 10-® 


( 2 . 10 ) 


the Minkowski vacnnm sits at 

~ 1782, X 2 ~ 5.979. (2.11) 

The axion directions are all stabilized at y* = 0. 


Next we tnrn on a potential for Xg with C 5 7 ^ 0. To realize the stabilization of Vx, X 2 regardless 
of the valne of Xg which is necessary for single held inflation, we need a hierarchy between 02 and 
Os, or a large 7 as claimed in 35 This can be nnderstood as follows. Assnming X 2 ,'yXg S> 1, 
we solve the extremal eqnations for X 2 ,Xg by 


X2 






Xg 


27 


41 ^ 74 ^ 

9 


( 2 . 12 ) 


where we have nsed the Lambert W-fnnction W(x), satisfying x = yV{z)e'^^y and expanded 
by Wo( 2 :) ~ Inz at very large z. This fnnction has two branches of solntions: W_i < — 1 and 
Wo > — 1. Plngging this solntion back in the extremal eqnation of Vx, we get the condition: 


d 


X 


27Wl'Hwli‘4,l9) 

8V|/3^3/2 


274 27Wy\AVlcl/Q) 


(2.13) 


where we pnt the contribntions from the nplift and Xg dependence on LHS. Given the valnes of 
parameters, the fnnction of Vx on RHS is bonnded from above and positive for the parameters 
of interest. The term generated throngh the stabilization of Xg on LHS appears as a negative 
qnantity, snggesting a larger valne of 4 to satisfy the constraint at the minimnm. However, 
aronnd the inflation era, this term related to Xg (the second term in LHS) is not present since 
jg ixinch smaller than Vx for the slow-roll inflation and we do not satisfy the extremal 
condition for Xg. So, together with the fact that the valnes of Vx,X 2 are not so different at the 
beginning of inflation and at the minimum, we see that 4 required at the minimum is too large 
for successful inflation to satisfy the equality due to the upper bound of the RHS. This situation 
can be alleviated by increasing 7 as the subtraction by the Xg related term can be made smaller 
accordingly. Given the set of parameters, we have a certain threshold of 7 that the condition is 
satisfied regardless of the value of Xg. 


For the set of parameters: 


^ 70, C 2 ^ -1, C 5 ^ -1, (C 3 = Ci = 0), 


(2.14) 


^Note that different triple intersection numbers which we did not take into account, can help to improve the 
hierarchy 35 . In this paper, as we are interested in making a comparison between the original Kahler Moduli 
Inflation and our accidental model on the same footing. Hence, we just focus on the relative ratio 7 given 
reasonable triple intersection numbers. 
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Figure 1: Inflationary evolution of Kahler Moduli Inflation. The inflaton reaches the minimum of the potential 
at around N = 226, while inflation ends at around N = 224. 


we found 

7 = 15.5, (2.15) 

as a near minimal value such that Vx and X 2 are stabilized regardless of the value of Xs for 
successful prolonged inflation. Realizing a Minkowski minimum requires a slight shift of the 
uplift parameter dx in the presence of Xg dependence through C5 7 ^ 0, and sits at 

dx ~ 4.137 X 10■^ ~ 1545, 4“”^ ~ 5.851, 4““^ ~ 0.6227. (2.16) 


Note that although we have Xg < 1, this does not imply a violation of the approximations as we 
can still satisfy > 1 appearing in the exponent, such that higher order instanton corrections 
are small, as well as > 1 , such that the supergravity approximation is valid. 

Now we are ready to solve for the inflationary evolution. We start from the initial point 

~ 2439, ~ 6.263, ^ ('2.17) 


where given the value of Xg, the directions Vx and X 2 are stabilized. We impose no initial kick 
for our analysis. We also have to specify the overall normalization of the potential (2.9) 

which essentially determines the scale of the power spectrum. Together with a concrete setup 
of the rank of gauge groups required to generate the non-perturbative terms, we use 


_ 1 _ 27r _ 27r 

° “ 68 ’ “ 31’ “ 2 ’ 

consistent with 7 = 15.5. This initial point satishes the slow-roll conditions with 


(2.18) 


9.026 X 10 


-11 


hini ~ —4.544 X 10 


-3 


(2.19) 


where we have used the formula of generalized slow-roll parameters dehned in Appendix For 
illustration of our parameter choice, we write down the VEV of the moduli helds before the 
redehnition used in (2.6). With the value of 02 , we have 

~ 16930, ~ 28.87, r, 


(min) 


3.072 


( 2 . 20 ) 
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at the minimum point. 


The inflationary trajectory can be solved using the efficient formalism explained in Appendix 
[^starting from the initial point (2.17). The two relevant plots are shown in Figure]^ Inflation 
ends at ~ 224 where the slow-roll condition breaks down: 


tend ~ 8.603 X 10-«, )fc„d ~ -1.297, 


( 2 . 21 ) 


and further reaches to the minimum point (2.16) at N ~ 226. Note that N is the e-folding 


number from the initial point, while Ne is the e-folding number counted backwards from the 
end of inflation. 

It is worth commenting on the the flatness of the potential. As inflaton is dominantly single 
held in the direction for large values of Tg, we crudely approximate the slow-roll parameters 
by 


K^s 


Ts 


oc vvy 


\v\ ~ oc 


( 2 . 22 ) 


where we have used cx V^/fs and the approximated potential in the inflation era given by 
V ~ Vq/V^ -|- with some constants Uo,Ui. Then the small -C 1 evaluated at 

the CMB point implies 

e* ~ ^ (2.23) 

So we see that the value of e is much smaller than rj at large volume, resulting in a small value 
of the tensor to scalar ratio r. 

We now illustrate some observables at a sample point = 60 for a better understanding. 

660 ~ 1-302 X 10“^ r/60 ~ -0.01702, (2.24) 


Solving the differential equations (A.6) numerically, we obtain 


or correspondingly, 

~ 0.9660, ~ 2.08 x 10“®. 

Also, the magnitude of the primordial curvature perturbation is estimated by 

Psikeo) ~ 2.165 x 10“^ 


(2.25) 


(2.26) 


The cosmological values here nicely agree with the recent results of the Planck collaboration 
Let us consider the values of the moduli fields at the N^. = 60 point, given by 

ym _ 2439, ~ 6.263, xf^'> ~ 1.709, (2.27) 







and hence the exponential term of the potential important for inflation becomes qnite tiny 
compared to the volume: 


3 - 74 “' „- 26.50 


3.109 X 10“^2 < ^ ~ 3.742 x 10 


-5 


(2.28) 


This large suppression of the term of the inflationary potential is related to the known concern of 


Kahler Moduli Inflation (see e.g. 36,3^) as there should exist many corrections to the effective 


4D supergravity from string theory. For instance, if there exists a string loop correction as 
D7-branes wraps Tg (or rs), we have a correction to the potential of the form: SV oc gsV~^Ts 


42 -44 , which may appear signihcantly larger than the inflation potential term proportional to 


Once this term dominates over the exponential potential around the inflation era, 
the slow-roll parameters turn out to be e oc rj oc and violate the flatness of the 

inflationary potential. Therefore, Kahler Moduli Inflation requires a special suppression of these 
terms via very small Qs to maintain the dominance of F-term potential or a special brane setup 
which prohibits the existence of the corresponding string loop corrections depending on r^. Note 

26.5 is also obtained in the context of Roulette Inflation in 


( 60 ) 


45 


that a similar value of yx 
In the next section, we like to suggest another possibility of inflation in the direction of a Kahler 
modulus where this concern is alleviated by using an accidental point for inflation. 


We have analyzed the potential with the kinetic term obtained from (2.1) imposing the D- 


term constraint (2.5) to make a better comparison with the analysis in the next section. This 


kinetic term is slightly different from that of the just three moduli model with V = ( 2 ri)^/^ — 
( 2 x 2 )^^^ — ( 2 x 3 )^/^, although the effective potential is exactly the same. We have checked that 
there is no signihcant difference in the dynamics especially in the observables ns,r except for 
0{1) factors of r and the e-folding from the beginning to the end of inflation. 

2.3 Accidental Kahler Moduli Inflation 

In this section, we will explore the possibility that inflation in the Tg direction occurs at a point 
closer to the minimum relative to Kahler Moduli Inflation such that the concern about dangerous 
loop corrections of Tg to the dynamics of inflation is relaxed. To realize successful inflation near 
the minimum in our setup, one has to tune the parameters in order to achieve the desired flatness 
of the potential. Also, the initial condition have to be such that inflation starts close to this 
tuned flat point. This inflationary scenario is thus called accidental inflation as this happens 
accidentally in the sense of a parametric coincidence. An accidental model was proposed in 


and accidental inflation in string theory is further studied in 14,30 . Here we will illustrate how 


accidental inflation occurs in the context of Kahler Moduli Inflation, especially using a racetrack 
structure. 


We use the potential dehned in (2.9), but with non-zero C 3 , C 4 to realize the accidental point. 


To make a fair comparison, some of the parameters are set to be the same values as in the 
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Figure 2: The accidental point for inflation in Accidental Kahler Moduli Inflation. Vx:X 2 are approximately 
stabilized during inflation. 


previous section: 

e. = 70, C2 = -1, C5 = -1. (2.29) 

We do not use the large number of the relative ratios of gauge group ranks in the exponent: 


a = 2, /3 = 2.1, 7 = 2.2. 

Then the desired accidental point appears when we chose 


C 3 = -0.2457004, C 4 = 0.9889189 . 


(2.30) 


(2.31) 


Note that the number of digits we display in (2.31) represents the necessary tuning to realize a 


flat potential that supports prolonged inflation. The q parameters depend on the VEVs of the 
complex structure moduli and the dilaton which in turn are determined by flux quanta. The 
huge landscape of possible flux vacua leads to the expectation that these parameters can indeed 
be tuned to high accuracy. 

The minimum of the potential is located at Minkowski with a suitable choice of uplift pa¬ 
rameter given by 

dx ~ 3.248 X lO"*^. (2.32) 

Then the minimum sits at 




(2.33) 


where all the eigenvalues of the Hessian are dehned positive, such that the moduli are stabilized. 
The resultant accidental point is illustrated in Figure where the other moduli are stabilized 


at 


y^acc) _ ^(acc) _ ^(acc) _ ^ 


(2.34) 


10 







value 




Figure 3: Inflationary evolution of Accidental Kahler Moduli Inflation. The inflaton reaches the minimum of 
potential at around N = 92, while inflation ends at around N = 90. 


Using the general formula of the slow-roll parameters presented in Appendix]^ we have 


Cacc ~ 2.097 X 10-1\ ~ 7.642 X 10-®. 


(2.35) 


The accidental point satishes the condition = 0 by the tuning of C 3 and C 4 accordingly. 

However, r/acc is not exactly zero due to the presence of off-diagonal entries of both Kahler 
metric and Hessian together with the fact that the accidental point does not satisfy the extremal 
condition dx^V = 0. The value of Cacc is small enough to have prolonged inflation. 


Interestingly, the values of moduli helds at the accidental point are not so different from not 
only those at the minimum, but also those in ( 2 . 11 ). Although we construct the model with 
small a, /3, 7 , this essentially means that the Xg direction turns out to be mostly independent of 
the other directions owing to the racetrack structure. This feature plays an important role for 
realizing the accidental point near the minimum. 


In the presence of a racetrack potential, one may wonder if the axionic directions are sta¬ 
bilized accordingly, as C 4 > 0 contributes as a potential instability at yg = 0. Given the set of 
parameters, we have 


~ 5.305 X 10-l^ dlVU^ ~ 3.732 x IQ-^e ^ ^2.36) 

at the minimum point, while 

d^VU ~ 5.218 X 10-l^ dlVU ~ 1-531 x IQ-^^, (2.37) 

at the accidental point. Hence the axionic directions are safely stabilized at j/j = 0 from the 
beginning to the end of inflation. 

Now we are ready to solve for the evolution of inflation. We use the accidental point as the 
initial point. To match the magnitude of the power spectrum with its observed value, we have 
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to specify the overall coefficient of the potential (2.9). This resnlts in the choice 


1 27r 

= -^5 02 = TVT) (2.38) 

55 31 

where we used the same value of 02 as in the previous section. It may be worth rewriting the 
VEV at the minimum in terms of V, T 2 , Tg by 

~ 19450, ~ 29.48, r]””) ~ 23.95. (2.39) 

Using the efficient way of solving held evolutions described in Appendix the inhaton rolls 
down the potential as illustrated in Figure The slow-roll condition breaks down at ~ 90 
where 

eend ~ 7.283 X 10“®, r/end ~ -1.225, (2.40) 

and the inhaton starts oscillating around the minimum at ~ 92. Note that we use N for the 
e-folding from the initial point, while Ng for the e-folding from the end of inhation. 

At Ng = 60 as a sample point, the slow-roll parameters become 

660 ~ 3.356 X 10"^\ rieo ~ -0.01847, (2.41) 


suggesting 


~ 0.9631, ~ 5.369 x 10 


-10 


(2.42) 


The values here are not too much diherent from those in previous section (2.24), although 
the tensor to scalar ratio r is slightly smaller. The magnitude of the primordial curvature 
perturbation is given by 


P{kGo) ~ 2.202 X 10 


-9 


(2.43) 


Thus the values of the observables here again nicely agree with the recent data published by the 
Planck collaboration [^|^. 

The form of potential as well as the inflationary trajectory in V, Xs-space is described in 
Figure]^ Here we have hxed the T 2 direction as it is approximately constant during inflation. 

Finally, let us evaluate the values of the moduli helds at A^g = 60. These are given by 


~ 1785, ~ 5.981, ~ 7.983. 


(2.44) 


Then the exponential suppression in the potential is estimated by 


~ ~ 1.166 x 10"' < ~ 5.111 x 10“=. 


(2.45) 


When we compare this quantity with the value (2.28) of Kahler Moduli Inflation, we see the 


signihcant alleviation of the suppression term while keeping the successful prolonged inflation. 
This alleviation is important. From the estimation above, we see that each term of the inflation¬ 
ary potential depending on r^, for instance is larger or comparable to the string-loop 
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Figure 4: The potential of Accidental Kahler Moduli Inflation at fixed T 2 . The red line describes the trajectory 
of inflation. 

correction of the form SV Ts with a reasonable value of the string coupling. There¬ 

fore we conclude that a slight shift of the moduli fields or of the coefficients can absorb the 
change induced by the corrections as they appear at the same order or less. This is a feature 
of Accidental Kahler Moduli Inflation improved by the racetrack structure, that is not achieved 
in the case of Kahler Moduli Inflation where the correction may appear as the dominant term 
without a significant suppression by the string coupling or a special brane setup. 

It is worth commenting also that this mild suppression is achieved with more realistic ratios 
of the gauge group ranks a ,/?,7 ~ 0{1), unlike the situation where a large hierarchy in the 
exponent 7 ~ 0(10) or a larger number of small cycles is required in the original Kahler Moduli 
Inflation. Also, as a by-product, we could take the larger value ~ 7.983 or ~ 39.39 as the 
starting point for the prolonged inflation. This larger value helps a bit to avoid the string-loop 
correction 6V oc g‘lV~^Ts so that the required suppression on Qs is alleviated. 

One may wonder if the accidental structure of the potential persist in the presence of sub¬ 
leading terms in the overall volume in the F-term potential away from the LVS approximation. 
Although these terms are suppressed by the large volume, it might affect our analysis as the 
leading potential of 0(y~^) includes another cancellation due to the racetrack structure for slow- 
roll inflation at the accidental point. Analyzing the full F-term potential, we see that actually 
these sub-leading terms do not spoil the existence of both minimum and accidental point. At the 
accidental point where the additional cancellation works, the structure of the potential consists 
mostly of /Vx terms, and the resnltant potential changes little in the 

presence of sub-leading terms. This small change can be easily absorbed by a slight shift of the 
coefficients 03,04 so that a successful phase of prolonged inflation is realized. 
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3 Ordinary racetrack model 


So far we have studied the racetrack model generated through the D-term constraint. In this 
section, we study the standard racetrack model with triple non-perturbative terms in the super- 
potential. To be more precise, we consider the following model: 


K = -2\n{V + i/2 ), V = (Ti + - {T^ + - {T, + , 

IT = ITo + 


where we have used a slightly different volume form compared to the previous section. In this 
model, the effective potential is of the same form as in the previous section except for the 
cross-terms of a racetrack structure as we will see below. We assume that there is no D-term 
constraint for this model. 


We hrst redehne the parameters to remove the redundancy in the dynamics by 




B 


( 1 ) 


B. 


C 2 = 


Ca = 


Cb = 


ITn 


Cr = 


A 2 

ITo’ "““Wo’ 

®3 n ^3^^ „ _ t _ 3/2. 


( 2 ) 


Wn ’ 


r( 2 ) 


}r ’ }r 

« = -, /9 = —, 7 = —, ix = ari, 

Oj2 02 O 2 


(3,2) 


and 


o /o 

Tx 0,2 T, Xi 0,2Tit Vi 

Using the redefined parameters above, the F-term potential Vp = e'^(|DIUp — 3|IUp) 


(3.3) 

together 


with the uplift term of (2.9) becomes 
V d. 




3^x , 4e ^^€ 2 X 2 2\/2e 

+ WW H-- cos 1/2 -\ - 


V 2 


3Vx 


4e ^‘^^aCaXs ^ 4e ^^^^CbX^ n 4e . 

H--cos(q;//3) H-- cos{(jy3) H--cos(7//3j 


VI 


V/ 


V/ 




3Vx 

A^/2e-A+A^^al3caCb^ 

314 

4:y/2e~A+A^3^aCcCay/^ 

3W 


3Vx 


3Vx 


COS ((a - /f)|/3) H-—-cos ((/f 


3Vx 


cos ((7 - a)// 3 ). 


7 ) 2 / 3 ) 


(3.4) 


The last three cross-terms are typically present in case of a superpotential racetrack model as 
they show up at 0{y~^). Again the nplift term motivated by an anti-brane uplift is just a choice 
and the result does not change crucially if we use a different power of the volume dependence, 
corresponding to a different uplift mechanism. 
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Figure 5: The accidental point for inflation in the ordinary racetrack model. Vx,X 2 are approximately stabilized 
during inflation. 

Now we solve the dynamics. The parameters responsible for the size of the volume are chosen 
as 

= 70, C 2 = -1, c, = -1, (3.5) 

such that we can make a fair comparison to the results in the previous section. Unlike the 
previous situation in the D-term generated racetrack model, it is difficult to realize the sta¬ 
bilization of Vx,X 2 during a phase of successful prolonged inflation in the direction unless 
having hierarchical values of the coefficients a,/?, 7 . So we set 

a = 7, (3 = 7.1, 7 = 7.2, (3.6) 

to illustrate a successful example. With the choice of parameters above, the accidental point is 
achieved with the remaining parameters being 

Ca = -0.73971879, Cb = 1.71976665, (3.7) 

and the axion directions are stabilized at i/i = 0 as before. We are now ready to determine the 
Minkowski minimum which demand a parameter value 

4 ~ 4.086 X 10“^ (3.8) 

Then the minimum point sits at 

V^min) _ ^ 570 ^ ^(min) _ g _ Q gQgQ^ 

where all the eigenvalues of the Hessian are positive. 

When we use a smaller choice of a, /?, 7 , the required value for the uplift 4 becomes slightly 
larger. In fact, this slightly larger value of the uplift parameter is dangerous as this causes a 
destabilization of the volume direction at larger values of X 3 where inflation occurs. This is not 
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the case in the D-term generated racetrack model as we have illustrated in Section |2.3[ while 
we have this situation in the ordinary racetrack model. This could be due to the existence of 


cross-terms appearing in the last three terms of (3.4). We set two of the coefficients Cq, Cb, Cc to 


negative values to realize moduli stabilization, suggesting negative entries of the cross-terms at 
the minimum. To compensate the negative contribution of cross-terms, we have to increase the 
uplift parameter d^- Hence, we have to start with slightly larger values of to maintain 

the hierarchy that the cross-term contribution does not violate the stability of Vx,X 2 - 

With the suitable choice of parameters for our purpose, the accidental point is located at 


V<““> ~ 2272, 4“'* ~ 6-199. 4“"’ ~ 1-800, 


(3.10) 


as illustrated in Figure where Vx,X 2 are approximately stabilized. When we use the general 
expression of slow-roll parameters in Appendix we estimate 

eacc ~ 6.332 X 10-'^ ~ 6.028 x 10"®. (3.11) 


Again, the value of r^acc is not exactly zero due to the off-diagonal entries and the non-zero value 
of the first derivative dx^V 7 ^ 0 although satisfying = 0. We will use this accidental point 
as the initial point for inflation. 

Before proceeding, we comment on the stability of the axionic directions as it is not obvious 
in the racetrack model. At the extremum j/j = 0, there is no mixture of the Hessians between 
the real and imaginary modes of the moduli fields. The dominant entries of the Hessian of the 
axionic directions becomes 


at the minimum point and 


4.246 X 10 


-17 




1.126 X 10"^® 


1.536 X 10"^^. d'^y\^cc ~ 1.083 x 10 


-23 


(3.12) 


(3.13) 


at the accidental point. So the axionic directions are indeed stabilized during the entire infla¬ 
tionary evolution. 


Next we discuss the inflationary solution to the held equations (A. 6 ). To hx the overall scale 
of the potential, we choose 


fFn = 


2300’ 


27r 


(3.14) 


where the value of 02 is chosen identical to the previous section to make a fair comparison. With 
this choice, the values of moduli helds at the minimum are rewritten by 


y(min) _ ^^210, ~ 29.94, ~ 3.000. 


(3.15) 
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Figure 6 : Inflationary evolution in the ordinary racetrack model. The inflaton reaches the minimum of the 
potential at around N = 93, while inflation ends at around N — 90. 

Solving by the efficient method described in Appendix the slow-roll condition for inflation 
breaks down at ~ 90 where the slow-roll parameters are estimated as 

Cend ~ 2.206 X 10-^ t^end ~ -1.123, (3.16) 

and the inflaton reaches the minimum at ~ 93. We illustrate the evolution in Figure]^ where 
N is the e-folding from the initial point and Nf. is the e-folding from the end of inflation. 

Now we estimate some observables at Nf, = 60 as a sample point. The slow-roll parameters 


become 

660 ~ 1.071 X 10"^^ 760 -0.01874, 

(3.17) 

which implies 

~ 0.9625, ~ 1.714 x 10"^^ 

(3.18) 

Then the magnitude of the primordial curvature perturbation is estimated as 



P{kQo) ~ 2.196 X 10"^. 

(3.19) 


The observables shown here are well in agreement with the recent results of the Planck collab¬ 
oration (^[^. 

Finally, we present the values of moduli helds for the validity of the approximation. At 
Ne = 60, the moduli helds have values of 

V^60) _ 2272, ~ 6.199, 4®°^ ~ 1.799. (3.20) 

Using the values above, we get 

~ e-^ 2.59 _ 3_4Q5 ^ ^q-6 ^ y( 60 )-l _ 4 ^37 ^ 

Although we had to choose slightly larger a, (3 ,7 to maintain an appropriate hierarchy for the 
stabilization of VxiX 2 -, the resultant suppression of the inhation potential is quite alleviated 


17 










compared to Kahler Moduli Inflation. This is due to the fact that we could start from an initial 
point near the minimum point, owing to the racetrack structure. Note that the suppression here 
looks slightly milder than in the case of the D-term generated racetrack model. This could be 
because we did not try to And an extreme choice of parameters that relaxes the suppression as 
much as possible. Therefore we consider that the suppressions of the ordinary racetrack model 
and the D-term generated racetrack model are very similar, and conclude that this alleviation 
of the suppression is a generic feature of the racetrack models with a suitable accidental point. 


Note that the accidental structure persists even in the presence of sub-leading terms in the 
volume in the F-term potential away from the LVS approximation, similar to Section [2^ Again, 
the sub-leading terms change the potential little, and a slight shift of the coefficients Ca, Cb can 
easily absorb the small changes in the potential. This can be anticipated since the resultant 
contribution of the inflaton held to the potential (3.21) is actually comparable with that in the 
D-term generated racetrack model (2.45), where the potential is dominated by single exponent 
terms even in the presence of a racetrack cancellation. 


4 Discussion 


We have presented Accidental Kahler Moduli Inflation where inflation occurs around an acciden¬ 
tal point realized by a racetrack structure. The observable values obtained, i.e., the magnitude 
of primordial curvature perturbation, spectral index and tensor-to-scalar ratio are within the 
observational bounds. The concern that string-loop corrections spoil the flatness of the inflaton 
potential, which is present in the original Kahler Moduli Inflation model, is alleviated in the 
Accidental Kahler Moduli Inflation model. Inflation occurs at an accidental point near the min¬ 
imum, avoiding the exponentially large hierarchy of values of the inflationary potential terms 
between the inflationary era and the minimum. Hence, the correction term can be absorbed 
in the inflationary potential accordingly. Similar arguments should apply to other potentially 
dangerous corrections, making our construction rather robust. 


We have presented two types of racetrack models: one uses the D-term generated racetrack 
structure proposed in and the other consists of the ordinary racetrack structure in the 
superpotential. Given a set of reasonable parameters in the D-term generated racetrack model, a 
phase of successful prolonged inflation can be realized by a reasonable ratio of gauge group ranks 
®inf/®stab 0{1) in the exponents, while the original Kahler Moduli Model demands 

Oinf/astab ~ 0(10) to realize a sufficient hierarchy between volume modulus stabilization and 
inflation. In fact, the possible rank of the gauge groups generating the non-perturbative effects is 


constrained from above by the consistency with tadpole cancellation and holomorphicity 46 48 
and hence it may not be easy to achieve such large hierarchies of 7 ~ 0(10) in explicit models. 
Also, since the D-term generated racetrack model is constructed with a larger number of Kahler 


18 










moduli, the maximal gauge group rank satisfying the consistency conditions is actually larger 
than that of model starting with smaller number of moduli 48 . However, the constraint on 7 


also becomes less severe in the original model of Kahler Moduli Inflation when the number of 
small cycles increases. To summarize, we consider the D-term generated racetrack model for 
accidental inflation is realizable in the sense of explicit model constructions in string theory. Note 
that the ordinary racetrack model requires slightly larger coefficients to maintain the hierarchy, 
but a phase of prolonged inflation is realized with Oinf/astab < 10 and thus is reasonable too. 


Although the realization of the accidental point requires the tuning of coefficients and initial 
conditions, it does not require unnatural hierarchies of the coefficients Cj = Aj/lTo- coeffi¬ 
cient of each racetrack term is determined by the stabilization of the complex structure moduli 
and dilaton, and hence we expect that the coefficients appear at the same order of magnitude 
in general, which is actually the case for the models considered in this paper. 


The racetrack structure can be realized without unacceptable differences of ratios a ,/?,7 in 
the exponents. The difference of {f3 — a) ~ 0(10“^) etc. is easily realized by taking slightly 
different gauge group ranks of D7-branes wrapping the inflationary cycle. Although we used that 
each ratio differed by ‘ 0 . 1 ’ as an illustration throughout this paper, the system works even with 
larger differences. In addition, for the D-term generated racetrack model, the D-term constraint 
may be generalized to be = 64 - T 4 ^ = S 5 ■ with a more complicated configuration of magnetic 
flux on D7-branes associated with the D-terms, where 64,65 7 ^ 1 are some rational numbers. 
This different choice of D-term constraints affects the ratios a,/ 9,7 in the exponents, and hence 
it certainly helps to realize even smaller differences of ratios, resulting in a better racetrack with 
less tuning of coefficients Cj of each racetrack term. Another advantage of the D-term generated 
racetrack model is that we do not need to worry about the detailed physics related to the split 
of gauge group ranks which would be required to realize the ordinary racetrack terms in the 
superpotential. 


Even though the existence of an inflection point is conceivable in a complicated string moduli 
space, one may worry about the overshooting problem of initial conditions. When we start from 
a higher point along the inflationary direction, more e-folds are achieved since the potential 
around the inflection point is flat enough. However, given the values of coefficients (Aj, Wo), the 
resultant spectral index at CMB point differs from the observational value with the different 
initial condition. If we were to allow changing the values of the coefficients simultaneously with 
the initial condition, some region in the parameter space would be allowed. Although there is 
a discussion of this issue in the context of string theory 31,49 , we hope to report more on this 
issue in the future. 


One may worry about isocurvature perturbations which are currently severely constrained 
by the Planck collaboration [^[^. The light mode contributing to isocurvature perturbations 
is regarded as a massless particle during inflation. In our model this is the axionic partner 
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of the overall volume modulus. The other helds are heavy enough and hence the adiabatic 
perturbations are essentially driven by the single inflaton held. The mass of di is generated 
by a non-perturbative effect on Ti, that is sub-dominant in LVS and we did not specify in our 
model. If the mass scale is large enough to be a dark matter, this axion also contributes to 
the CDM isocurvature perturbations. Since the magnitude of CDM isocurvature perturbation 
crucially depends on the initial mis-alignment angle and the fraction of CDM consisting of 
axion, we believe that the CDM isocurvature constraint is satished (see e.g. Figure 6 of 50 at 
Hint ~ 10^° GeV, fa ~ 10^® GeV of our illustrative example). On the other hand, when the 
mass scale is negligible even at the minimum of LVS, this lightest axion could play a role of dark 
radiation. In this case, although the direct entropy production from axion perturbations would 
not be subject to the constraint as the axion only has derivative couplings and hence the entropy 
is diluted away quickly, the dark radiation produced by the decay of the volume modulus may 
contribute to the neutrino isocurvature density perturbations j^. However, a more conclusive 
discussion requires more details of the setup including the location of the matter sector in the 
compact manifold. Hence, we consider this is beyond the scope of the paper. 

So far, we have focused on accidental inflation which occurs near an inflection point. It may 
be interesting to see what happens when inflation starts near a saddle point instead, as studied 
in 52,53 . Although axionic saddle points were used in 52,53 , when inflation occurs along 


the small modulus direction, two racetrack terms may be able to form a saddle point in the 
small modulus direction. However, not only e, but also rj needs to be suppressed for successful 
inflation. To realize this, we may need an additional racetrack term or other contributions to 
the potential. Saddle point inflation along the small modulus direction also needs the correct 
initial conditions that the inflaton does not roll down a runaway direction which would result 
in decompactihcation. We hope to pursue this direction in the future. 
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A Slow-roll parameters and dynamics 

In this appendix, we denote the details of the inflationary dynamics as well as the dehnition 
of the slow-roll parameters. We follow the efficient way of solving the full set of equations of 
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motions for the inflationary trajectories used in 53 
First, the kinetic term is written by 


- 1 

£ki„ = jp^d,T,a^‘Tj = 

Olilj / 


(A.l) 


where Tj = Ti, T 2 , T 3 , T 4 , T 5 and 0“ = Ti,T2,Ts,92 , Og in the D-term generated racetrack model of 
Section]^ Note that we have imposed the D-term constraint (2.5) in the second equation, and 
have neglected 9i. We use a different coordinate system accordingly in the ordinary racetrack 
model of Section Using the non-canonical metric, the generalized slow-roll parameters are 
dehned by 


e = 

and the most negative eigenvalue of the matrix 

N% = g 


daVdbV 
V 2 ’ 




u 


(A. 2 ) 


(A.3) 


gives the other slow-roll parameter p. F^^ is the connection obtained form gab{(p) in the normal 
fashion. It may also be convenient to write down the slow-roll parameters in terms of the 
complex coordinates: 


e = K 


N\ = K 


ijdiVdjV 


V 2 ’ 
iK^RdjV 

V ’ 


N\ = 


N^j N[j 
N^j N^j 


N^j = 


fidjdjiV - K^^djdfidLKdMV 


(A.4) 


u 


Note that N^j, N^j are complex conjugate of N^j, N^j. 


The inflationary evolution can be calculated efficiently when we introduce the canonical 
momenta dehned by 

dCl,in 


TTn = 




(A.5) 


Using these equations, we solve 0“ as functions of vr^. Then the equation of motions become 


1 • 

In 


dlTn 


= - STTn 


1 d 


dN Hdi 

3H^ =P = £kin + 14, 


(14 - £kin) , 


(A. 6 ) 


where N is the number of e-foldings from the initial point of inhation. As explained in 53 


we 


can avoid computing Christoffel symbols directly in held space owing to the introduction of the 
canonical momenta vTa, and hence save some computational cost. 
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We may approximate the equations of motion (A.6) under the slow-roll approximation. When 


the inflation trajectory is well approximated by a single held and the other helds are stabilized, 
the equation becomes 

3H^^+g"a,V = 0, (A.7) 

where i denotes the direction of inhation, which is or ts in the models we consider. This 
approximate equation suggests 


where W is the e-folding from the end of inhation and we have used values at the end of inhation 
and at the CMB point 0 cmb- accidental scenario we study in this paper, all values 


of N,Ne are estimated by solving the full equations of motion (A.6), while the equation under 


the slow-roll approximation gives mostly the same results except for a few small numerical 
diherences. 

The power spectrum of adiabatic scalar density perturbations under the slow-roll condition 
is estimated by 


Ps{k) = 


1 


1 V 


(A.9) 


Svr^ 247r2 e ’ 

which is evaluated at the horizon crossing point k = aH He^. Therefore the spectral index 
becomes 


n., - 1 = 


dlnP,(fc) dlnP,(Ar) 


din /c 


Finally, the tensor to scalar ratio is given by 

Pt{k) 

T = - 

Ps{k) 


dN 


16e. 


2ri — 6e. 


(A.IO) 


(A.ll) 
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